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Abstract. Simultaneous measurements by the collocatedl Introduction

AERONET CIMEL sun/sky photometers at the Moscow

State University Meteorological Observatory (MSU MO) The urban pollution causes a significant effect on the aerosol
and at the Zvenigorod Scientific Station (ZSS) of the properties in the troposphere. This, in turn can provide a no-
A. M. Obukhov Institute of Atmospheric Physics during table feedback on the climate change via changes in radiative
September 2006—April 2009 provide the estimates of the efforcing (IPCC, 2007). However, estimating urban polluted
fects of urban pollution on various aerosol properties in dif- aerosol properties and distinguishing them from the typical
ferent seasons. The average difference in aerosol opticdlackground aerosol conditions is still an open problem.
thickness between MO MSU and ZSS, which can charac- This can be done using satellite remote sensing tech-
terize the effect of aerosol pollution, has been estimated taique via different satellite instruments (i.e. AVHRR,
be about/AOT =0.02 in visible spectral region. The most OMI, MODIS, CERES, AATSR, MERIS, GLAS, SeaWiFs,
pronounced difference is observed in winter conditions whenMISR), but the accuracy of satellite methods for most aerosol
relative AOT difference can reach 26%. The high correlationcharacteristics is still not very high.

of the AOT’s, the Angstrom exponent values and the effec- Ground-based measurements are the most accurate and
tive radii between the sites confirms that natural processes afew-cost tools for studying these effects. Some attempts to
the dominating factor in the changes of the aerosol propertieslistinguish the properties of urban aerosols were previously
even over the Moscow megacity area. The existence of posidone (Gorbarenko, 1997; Eck et al., 1999; Dubovik et al.,
tive correlation between dAOT and difference in water vapor2002). For example, in Gorbarenko (1997) a significant in-
content explains many cases with larggOT between the fluence of Moscow city on AOT at 550 nm was estimated as
sites by the time lag in the airmass advection. However, aftetwice as high than the background values in some years in
excluding the difference due to this factor, AOT in Moscow 1980s. However, the evaluated AOT values were obtained
remains higher even in a larger number of cases (more thanot by the direct measurements but by using the Tarasova
75%) with the same meafAOT =0.02. Due to the negative and Yarkho method (1991) from the measurements of the di-
average difference in aerosol radiative forcing at the TOArect shortwave irradiance and water vapor content. Since that
of aboutd ARFroa =—0.9W n1 2, the aerosol urban pollu- time there was a significant change in fuel from coal to gas
tion provides a distinct cooling effect of the atmosphere. Thein the middle of 1980s throughout the whole Europe, includ-
PAR and UV irradiance reaching the ground is only 2-3% ing Russia, which may result in reducing loading of sulphate
lower in Moscow due to the pollution effects, though in some aerosols, that is confirmed by the observed pronounced neg-
situations the attenuation can reach 13% in visible and morative AOT trends (Ruckstuhl et al., 2008; Kazadzis et al.,
than 20% in UV spectral region. 2007; Gorbarenko et al., 2006).

One of the most widespread ground-based aerosol net-
works is the Aerosol Robotic Network — AERONETht{p:
/laeronet.gsfc.nasa.gdwHolben et al., 1998), which has
been in operation since the middle of 1990s. Accurate
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data for evaluating a spectral dependence of aerosol optivolume size distribution within the intermediate particle size
cal thickness as well as many other inversion products intange (0.1 unx r <7 um) does not exceed 10% for practi-
cluding single scattering albedo and asymmetry factor of thecally all situations (Dubovik et al., 2000).
aerosol phase function (Dubovik and King, 2000). By us- In addition, we used the MODIS (collection 5) AOT550
ing the AERONET data, some attempts were made to charretrievals to characterize spatial features in AOT distribution
acterize the properties of different kinds of aerosol includ-over the Moscow area and to compare them with the results
ing urban/industrial type (Eck et al., 1999; Dubovik et al., of the ground-based observations.
2002). The results showed the significant differences in ur- The CIMEL cloud-screening algorithm developed by
ban aerosol properties in different regions of the world. How- Smirnov et al. (2000) is known to work well, except for the
ever, the analysis was done just for separate sites and the joicases with thin and uniform high level cloudiness. Their non
influence of urban pollution and natural background aerosolccount can add about 0.03—0.05 to monthly mean AOT val-
conditions can result in this difference. ues (Uliumdzhieva et al., 2005). To remove these cases we
In this study we used high quality AERONET data from used additional filtering due to hourly visual cloud informa-
the two sites located in Moscow at the Moscow State Uni-tion available at the MSU MO. This helps to remove the AOT
versity and at Zvenigorod, the nearby clean area. The applimeasurements, which were contaminated by overcast high
cation of simultaneously measured different aerosol characlevel cloudiness.
teristics allows us to calculating the city impact on aerosol In addition, the data were hourly averaged that makes
pollution and to evaluating its influence on radiative proper-the dataset more uniform and comparable with the other
ties of the atmosphere. AERONET retrieval results, which have one hour resolu-
tion. As a result, this dataset (Dataset 1) contains the
pairs of quasi-simultaneous measurements at the Moscow
2 Data and methods of the analysis and Zvenigorod sites. Total number of the hourly averaged
cases is about 1200. In order to examine the quality of
The analysis has been fulfilled on the base of simultanethe Dataset 1 we compared the monthly mean differences
ous measurements by AERONET CIMEL sun/sky photome-in AOT taken from this dataset with the differences in AOT
ters located at the Moscow State University Meteorologi-taken directly from the AERONET website for Moscow and
cal Observatory (MSU MO) (55N, 37.5 E) and at the  Zvenigorod sites. Figure 1 presents the comparison between
Zvenigorod Scientific Station (ZSS) of the A. M. Obukhov the AOT differences obtained by the two methods: the stan-
Institute of Atmospheric Physics (558., 36.8 E). The dis- dard AERONET method (marked as the M1 method) and
tance between the sites is about 55km, the time shift bethe more accurate approach, which has been described above
tween measurements is only 3 min. Since westerly wind di-(marked as the M2 method).
rection prevails over European Russia, we can consider the One can see that the more accurate second approach (M2)
ZSS as the site located upwind to the Moscow pollution areaprovides the absence of negative monthly mean AOT differ-
and, hence, it can be regarded as a site with the backgrounehces compared with the results of the M1 method. These
aerosol conditions relative to Moscow megacity influence. negative AOT differences correspond to the situations, when
Direct Sun measurements are made with® il field Moscow AOT'’s are smaller than those in Zvenigorod. So the
of view at 340, 380, 440, 500, 675, 870, 940 and 1020 nmabsence of negative monthly mean AOT differences in M2
every 15min during daytime (Holben et al., 1998). Theseapproach is more reasonable, since Moscow should provide
measurements are used to compute aerosol optical thickneseme additional emission of aerosol particles. Overall, the
except that for 940 nm channel, which is used to estimateapplication of the more accurate method provides the differ-
the total water contenW. The uncertainty of AOT mea- ence of+0.05 with the standard approach for monthly mean
surements does not exceed 0.01 in visible range and 0.02 iAOT values.
UV spectral range (Eck et al., 1999) for field instruments. The analysis of the differences in the retrieved aerosol pa-
Direct Sun measurements also provide the data for estimatrameters was made on the base of the Dataset 2. In addition
ing the Angstrom exponent from spectral values of AOT by to the standard quality control criteria described in (Dubovik
the least square method. The sky radiance measurements ettal., 2000) the cloud filter with NA 5 (where NA is a total
440, 675, 870, and 1020nm in conjunction with the direct cloud amount, in tenth) has been applied to avoid the cloud
Sun measurements are used to retrieve different microphysieontamination mainly by uniform thin cirrus clouds. Total
cal, optical and raditive aerosol characteristics (Dubovik andnumber of pairs is 112 after removing of additional 3 cases,
King, 2000). The accuracy of individual aerosol retrievals which were characterized by unrealistically low single scat-
is analyzed in (Dubovik et al., 2000, 2002). It was shown tering albedo (SSA) values in Zvenigorod. It should be men-
there that for high aerosol loading (AOT44®.4), the re-  tioned that these low SSA values were adjacent to the similar
trievals of the single scattering albedo have the uncertaintyunrealistically low values, which had been removed from the
of about 0.03 while at AOT at 440 nm less than 0.2 the ac-Zvenigorod level 2.0 dataset at the AERONET website.
curacy level drops down to 0.05-0.07. The error in aerosol

Atmos. Meas. Tech., 4, 363+8 2011 www.atmos-meas-tech.net/4/367/2011/



N. Y. Chubarova et al.: Assessments of urban aerosol pollution in Moscow and its radiative effects 369

dAOT, 1
M2 method
6.12 08
01 - . 8 %
]
0.08 - E’ 06 ’
: N Q@
0.06 ‘' S
004 pgn B 047
002 % - 2
e 0.2 -
0-02 R?=0.843
U.UZ
O T T T T
0-0% 0 0.2 0.4 06 0.8 1
0.1 -0.05 0 0.05 0.1 0.15

AOT500 Moscow
dAOT, M1 method

Fig. 1. Comparison between the monthly mean differences inFig. 2. Comparison between Zvenigorod and Moscow simultaneous
AOT500 obtained by the standard M1 and by the proposed M2A0T500 measurements.

methods. See the details in the text.

The analysis of the differences between the aerosol data ajorrelation between the AOT’s is observed in winiex 0.8).
the two sites were made by the standard approach by estimatrhis shows the similar character of aerosol loading changes
ing the significance of the difference of an aerosol parameover vast areas including the megacity region in all seasons
ter between two samples. We showed that the differences adnd, hence, the importance of natural air advection processes
all the parameters has passed successfully the Kolmogorowand processes of aerosol transformation on regional scale.

Smirnov test on normal distribution (Afifi and Azen, 1979)  T4pje 1 shows mean aerosol characteristics in Moscow and

and, hence, the standard t-Student criteris ¢an be ap-  he statistics of the differences between Moscow and Zvenig-
plied for calculation of the confidence leviefor each mean orod [dP= Pyoscow— Pzvenigorod fOT Various characteristics

value of an aerosol parameter as follows: observed in different seasons. The seasonal changes in AOT
Sam — L (ts - oap) 1 in visible spectral range has a pronounced minimum in win-
AP = N — 1 (D) ter of about 0.1, while in other seasons it is about 0.2 (for

the detailed analysis of the AOT climatology see, for exam-
ple; Chubarova, 2009). The mean overall difference in AOT
is about 0.02, which is statistically significant at the 95%
level. The additional test with account for the uncertainty
of AOT CIMEL measurements also shows the significance
of the differences for all the seasons. The highest absolute
gnd relative positive difference is observed during winter pe-
riod and comprises, respectivellAOT500=0.03 and 26%.
This happens in accordance with the processes of accumula-
(ts-oapor) \ 2 5 5 tion of pollutants in temperature inversion conditions, which
SAAQT = <W) + (8A0T1)“+ (8A0T2)“ (2)  are typical for winter season. However, the statistics is not
N . o very large for winter months due to the prevalence of over-
wheresAOT; andSAQT, are the typical systematic instru-  cast cloudiness during this period. In addition, we have not
mental errors (0.01 in visible range) of Moscow and Zvenig- ihe data in December 2007—February 2008 due to calibration

orod instrumentsyaaor is the standard deviation of the dif-  of zvenigorod CIMEL instrument at the NASA GSFC facil-
ferenceAAOT obtained between the CIMEL measurements jjy,

at the two sites.

whereoa p — the standard deviation of the differenté ob-
tained between the CIMEL measurements at the two sites,
is the parameter analyzed;is the number of casets=1.96
whenN — oo at 95% significance level.

In addition, since the aerosol optical thickness is the ob-
ject of the main interest, we have fulfilled additional analy-
sis accounting for the uncertainty of measurements using th
following expression:

The spectral dependence of the AOT average difference
between Moscow and Zvenigorod is shown in Fig. 3. One
3 Results can see the existence of a quite noticeable maximum at 380—

440 nm, which can be attributed to the additional effects of
The comparison between aerosol optical thickness at 500 nrhigher NG content in Moscow (Chubarova et al., 2009a),
in Moscow and Zvenigorod for the whole period of obser- which possibly is not fully accounted for in the AERONET
vations is presented in Fig. 2. One can see a strong depemataset (see a similar shape in N&bsorption coefficients
dence between Moscow and background AOT’s with corre-in Fig. 3). This difference can correspond to an additional
lation coefficient- > 0.9. The lowest, though still quite high, NO, content of about 0.3DU in Moscow and can be seen
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Table 1. Mean values of aerosol parameters in Moscow and the statistics of the diffedPree¥oscow— PzvenigorodPetween Moscow
and Zvenigorod main aerosol parameters in different seasons. 2006—2009 period. Dataset 1.

characteristics season AOT AOT AOT AOT AOT AOT AOT Water Angstr. Angstr.
1020 870 675 500 440 380 340 content, exponent exponent
cm 440- 500-
870 nm 870nm
Moscow, mean total 0.08 0.09 0.12 0.19 0.23 0.28 0.32 1.48 1.45 1.39
dPmean total 0.01 0.01 0.01 0.02 0.03 0.03 0.03 -0.01 0.01 -0.04
dPmeary PMoscow % total 15.8% 10.3% 10.6% 10.7% 13.0% 11.1% 9.1%-0.3% 0.4% —2.6%
dP standard total 0.02 0.03 0.03 0.05 0.06 0.07 0.08 0.12 0.25 0.31
deviation,
dP confidence total 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.02
level at 95%
case number total 1208 1208 1208 1208 1208 1141 1141 1208 1208 1208
Moscow, winter 0.05 0.06 0.07 0.13 0.16 0.19 0.21 0.28 1.55 1.47
mean
dPmean winter 0.01 0.02 0.01 0.03 0.05 0.02 0.02 0.03 0.04 —-0.07
dPmear/ PMoscow %0 winter 14.6% 28.8% 18.5% 25.8% 29.2% 12.0% 8.0% 10.3% 2.8%-5.0%
dP standard winter 0.02 0.03 0.03 0.05 0.05 0.04 0.04 0.04 0.25 0.29
deviation,
dP confidence winter 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.05 0.06
level at 95%
case number winter 89 89 89 89 89 22 22 89 89 89
Moscow, mean spring 0.09 0.11 0.13 0.20 0.25 0.29 0.33 1.16 1.27 1.19
dPmean spring 0.01 0.01 0.01 0.02 0.03 0.03 0.03 -0.01 -0.05 -0.12
dPmeary PMmoscow %0 Spring 12.1% 10.6% 9.8% 9.2% 12.6% 11.5% 9.3%-1.3% -4.2% —10.0%
dP standard spring 0.02 0.02 0.03 0.04 0.05 0.05 0.06 0.11 0.22 0.28
deviation,
dP confidence spring 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.02 0.03
level at 95%
case number spring 377 377 377 377 377 377 377 377 377 377
Moscow mean summer 0.07 0.08 0.11 0.18 0.22 0.28 0.32 1.88 1.53 1.48
dPmean summer 0.01 0.01 0.01 0.02 0.03 0.03 0.03-0.01 0.05 0.03
dPmeary PMoscow %0 summer  20.6% 7.9% 10.6% 10.6% 12.4% 10.9% 8.5%-0.6% 3.3% 2.1%
dP standard summer 0.02 0.02 0.04 0.06 0.07 0.08 0.09 0.14 0.24 0.32
deviation,
dP confidence summer 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.02 0.03
level at 95%
case number summer 525 525 525 525 525 525 525 525 525 525
Moscow, mean fall 0.08 0.09 0.13 0.22 0.26 0.32 0.36 1.54 1.54 1.51
dPmean fall 0.01 0.01 0.01 0.02 0.03 0.03 0.03 0.01 -0.01 -0.04
dPmeary PMoscow %0 fall 13.7% 9.6% 10.2% 9.5% 10.9% 9.9% 9.1% 0.9% —0.9% —-2.9%
dP standard fall 0.03 0.03 0.04 0.05 0.06 0.07 0.08 0.12 0.27 0.32
deviation,
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Table 1.Continued.

characteristics season AOT AOT AOT AOT AOT AOT AOT Water Angstr. Angstr.
1020 870 675 500 440 380 340 content, exponent exponent

cm 440- 500-
870nm 870nm
dP confidence fall 0.00 0.00 0.00 001 001 0.012 o0.02 0.02 0.04 0.04
level at 95%
case number fall 217 217 217 217 217 217 217 217 217 217

The analysis of water vapor contefitJ shows no statisti-
cally significant difference between Moscow and Zvenigorod
in clear sky and in all-sky conditions. However, according
to Table 1, in winter period Moscow values are signifi-
cantly higher §Ww=0.03 cm or 10%). The higher water con-
tent in Moscow during winter conditions can be explained
by significantly higher temperatures in Moscow compared
with Zvenigorod due to the megacity heating effect, which,
in turn, corresponds to the higher water vapor content in the
low troposphere. In spring and summer conditions, the dif-
ference inW is not statistically significant both in clear-sky
and in all-sky conditions.

There are very interesting tendencies in the spatial changes
—e— clear sky, n=351 of the Angstrom exponent evaluated within the standard
spectral interval 440-870 nm. On average, there is a statisti-
cally significant correlation between the Angstrom exponent

—4— NO2 absorption coefficient, 1/cm values observed in Moscow and Zvenigorod, though the cor-

relation coefficient is lowerr(=0.65) than that obtained for

Fig. 3. Spectral dependence of the mean difference in AOT (dAOT) aerosol optical thickness € 0.91). The correlation between
between Moscow and Zvenigorod (left axis) and N&bsorption  the Angstrom exponent values together with high correlation
goeffic(ijents K f\;%zz\g‘_l_c't'\)f'z_'- th‘f"””:als (riE;t aXIz)t The spﬁctral _ between the AOT’s can mean that for Moscow conditions the

ependaence o optainea In clear s conaitions Is snown In H H . H

blue (: =351); in all-sky conditions — in red colon £ 1208). natu_ral processes are Ilkel)_/ the (_jomlnatl_ng factor n transfor-
mation of the aerosol particle size distribution.The applica-
tion of another spectral range (500-870 nm) for evaluating

both in clear sky and all-sky conditions. We should men- the Angstrom exponent to eliminate the effects of possible

tion that the standard AERONET version 2 algorithm usesNO2 contamination of AOT at 440 nm shows similar results.
the SCIAMACHY NO; climatology for the period 2003—  The most pronounced, though small difference in
2005 with a spatial resolution of 0.25 0.25 for correcting ~ Angstrom exponent values is observed in spring, when in
NO, content in the atmosphere (settp://aeronet.gsfc.nasa. Moscow they are smaller (about0.05), and in summer,
govinewweb/publications.html According to this climatol- ~ When they are higher (up to +0.05) than those in Zvenig-
ogy, the mean difference in N@ontent between the sites is orod. In spring, this happens, possibly, due to accumulation
about 0.15 DU (or 0.4 10*6 mol cni-2). The analysis of the of coarse particles during winter, which, for example, are
climatology of the direct N@ measurements by spectral in- USed for snow removal at highways, roads, and pavements,
struments have shown much higher difference of 0.3-0.5 DUANd after seasonal snow melting they can ascend up to the
(Elokhov and Gruzdev, 1998; Gruzdev and Elokhov, 201O;air, increasing the coarse mode particle concentration and,
Ivanov et al., 2010) which corresponds much better to our€nce, decreasing Angstrom exponent. In the summer and in
estimates. the fall, a small prevalence in fine aerosol mode can be at-
The SCIAMACHY NO; retrievals, which are used for tributed to generating the secondary fine mode aerosol due to
NO, correction in the AERONET algorithm, can be lower additional pollution megacity effects. ' .
in Moscow, to some extent, due to comparatively large space Since there can be significant positive and negative devi-

averaging, which combines both clean and polluted areas. ations in AOT and Angstrom exponent between the “clean”
and the “polluted” site (see Fig. 2, for example), we analyzed

KNO2, 1/cm

320 420 520 620 720 820 920 1020
wavelength, nm

—@— all-sky,n=1208
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Fig. 4. Correlation between the Moscow-Zvenigorod differences in water vé@jdand aerosol optical thickneg®OT500(a), and between
differences in water vapor and Angstrom expon@jt All — sky conditions.

the correlation between the simultaneously observed differ- 30%
ences in water vapor content and the differences in aeroso
optical thickness at these sites. It should be emphasized tha
water vapor content is an important characteristic of the air 5
mass, therefore we can distinguish the cases of its possibleg 15%
influence on aerosol variability. The results are presented in&
Fig. 4. One can see a statistically significant correlation be-
tween both differences in W and in AOT. This means thatthe 5% ] I
spatial difference irW, which is an indicator of the various % |
air masses at the sites, is the reason of the different AOT val-
ues there. For example, during the Arctic air advection from
north-eastern region one can obtain both smaller AOT and
W values, first in Moscow and then in Zvenigorod. In case
of south-western air mass advection, higher AOT #@ndre
observed in Zvenigorod first and then in Moscow. The time
lag existence between the advection of the same air mass at
the two sites leads sometimes to a significant effects of about
|dAOT|=0.2-0.3. Thus, the existing correlation, shown in pronounced aerosol pollution effects with smaller number of
Fig. 4a confirms that large changes in AOT between Moscownegative/AOT cases.
and Zvenigorod often take place due to the non simultaneous Figure 4b illustrates the corresponding relation between
air mass advection at the sites even at the distance of 55 kmihe differences in Angstrom exponent and water vapor con-
In order to account for the possible effects of the temporalteént. Contrary to AOT, no dependence can be seen. The anal-
lag in AOT the correction to the AOT’s was applied using the ysis of the differences betweeOT and the differences in
obtained linear regression equation betwg&®T500 and Angstrom exponent between the sites also revealed the ab-

O non corrected
25%
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dAOT500
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Fig. 5. Frequency distribution of difference in AOT500 with the
correction on the air transport lag and without it.

dw: sence of any statistically significant correlation.
In order to analyze spatial distribution of aerosol optical
dAOT500 = 0.21dW + 0.02, r = 0.52 (3) thickness over the whole Moscow region and nearby territo-

ries we used 1x 1° MODIS data, averaged for the same
Figure 5 presents frequency distribution of the initial 2006—-2009 period (Remer et al., 2008). There is a good
dAOT500 dataset and the dataset corrected on the air transigreement between the mean difference in AOT obtained
port temporal lag. As a result, we obtained an increase irfrom the AERONET and MODIS data over the considered
the occurrence of positivéAOT (more than 75% of cases sites, which is about 0.02 and 0.03xat 500 nm. This con-
compared with the 72% calculated using the initial dataset)firms a satisfactory quality of the mean MODIS aerosol re-
the decrease idAOT standard deviation from 0.05 to 0.04, trievals.
and the same average difference of about 0.02. It is clearly Figure 6 shows a spatial distribution of difference
seen that the removal of this factor does not change signifbetween AOT550 over Moscow and the nearby area
icantly the mean results but it certainly leads to even more(D = AOTmoscow — AOT,, ») obtained from the MODIS
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Fig. 6. Average difference in AOT550 over Moscow region and nearby territory. MODIS data, collection 5.

0035 A comparison between the mean aerosol size distributions
003 :2”5:;;’1”,0(,* over Moscow and over Zvenigorod shows a considerably
% o025 p T |—~—difference | | higher concentration of coarse mode particles in Moscow, es-
nj 002 ] [ pecially, near radius of 5 um (about 31%) that is much higher
gom’ than the uncertainty of measurements (Fig. 7). Also a higher
3 ) concentration of fine mode particles near 0.1 um is observed.
° oo ) The difference in fine mode concentration should be studied
0.005 1 further, because of possible N@ontamination in Moscow,
0 AL JH\U/V - ‘ as discussed above, which can be attributed to an artificial
o o ,adihos,um 00 1000 increase in fine mode particles.

There is a pronounced correlation between Moscow and
Fig. 7. Mean aerosol volume size distributidiv/dInr in Moscow  Zvenigorod effective radii for different aerosol modes at
and the difference iniV/dInr between Moscow and Zvenigorod. approximately the same level of determination coefficients
n=112. (r? > 0.4) for fine, coarse and total effective radiiy that
means simultaneous changes in all aerosol fractions. How-
collection 5 data. One can see that the highest AOT val-veh the analysis of changes Ryt as a function ofdW
has not revealed any dependence. No dependence has
. “heen also obtained between the absolute values of effective
megacity as well as over the spot to the east of Moscow

due to the effects of forest and peatbog fires, which usu_radu and water vapor content at both sites. Aerosol sin-

ally take place in this area. Due to prevailing Westerlies,glle scattering albed.o, as well as asymmetry_ factor of the
there is a bias to higher AOT’s to the east of Moscow asaerosol phase func_tlon, are the |mportan_t retrieval produc'Fs
the effect of the pollution, while the nearest clean area toOf the AERONET, since they are used as input parameters in

Moscow is located directly to the west from Moscow. The RT modelling. Figure 8 presents the mean asymmetry fac-

cleanest background areas are located at the distance (t)?rg for various aerosol modes in Moscow and its difference
g with Zvenigorod data. Due to the described differences in

more than 150km to the west and to the south with theaerosol size distribution, variations of asymmetry factor be-
dAOT550~ 0.05-0.07. Hence, one can speak about the dif- X y y

ference ofdAOT550> 0.05 as the difference with the back- tween Moscow and Zvenlg_o rod' for. f.' ne and coarse .modes
- . . : are very pronounced especially in visible spectral region.
ground aerosol conditions over this continental zone in the™ | i i ]
Since the inversion method requires the threshold of

absence of pollution effects. 4 tvoical o lativel
The statistic characteristics for the differences in some op—iA‘OT440> (')&401"2‘24033’8';2 AhOT s in MOTC?W are re atIVSeSyA
tical and radiative aerosol properties are shown in Table 2/0W (méan AC 23), there are only few cases in
retrievals. It is necessary to mention that this is a quite typ-

They have been calculated on the base of the Dataset 2. . S X :
ical situation for high latitude boreal zone. Over these areas
relatively high AOT values are observed mainly in smoke
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Fig. 9. Single scattering albedo (SSA) as a function of wavelength at different AOT thresholds in M@g@owd the SSA difference/GSA)
between Moscow and Zvenigorgi).

aerosol conditions. Therefore, in addition, we used otheret al., 2008), we used this characteristic to estimate the in-
thresholds (AOT- 0.3, AOT> 0.2, AOT> 0.1) and all AOT  fluence of the large city on its changes. The AERONET
statistics to analyze SSA for larger number of cases at dif-aerosol radiative forcing is defined as the difference between
ferent aerosol loading. The mean SSA in Moscow and itsthe global solar irradiance with and without aerosol at the top
difference with Zvenigorod at different AOT thresholds are and at the bottom of the atmosphere:

shown in Fig. 9 and in Table 2. One can see the absence

of the difference in SSA between Moscow and ZvenigorodARFToa = — (FTTSA - FTTOOA> 4)
at large AOT> 0.4. At the same time there is a tendency
of SSA decreasing in Moscow with AOT decrease. The dif- ARFgos = (FéSA _ FégA), (5)

ference can reaciSSA =—0.03 when considering all avail-

able measurements of the Dataset 2 (see Table 2). Howevefhere F2 and F° are the broadband fluxes at the top (TOA)
even this difference is equal to the uncertainty of the SSA reand at the bottom (BOA) of the atmosphere with and with-
trievals, while SSA retrievals at AOT4400.4 have eventhe  out aerosols. Usually net fluxes are used in the ARF analysis
larger uncertainty of measurements (Dubovik et al., 2000)(see, e.g. Yu et al., 2006). However, when we speak about
Taking this into consideration, the obtained difference can behe ARF differences obtained by the AERONET algorithm
considered only as a preliminary result. More pronouncedat the top of the atmosphere between the two sites, the result-
difference in SSA at 440nm can be explained by some efing value will be the same as if considering the net fluxes.
fects of the N@, which has large absorption coefficient near According to the statistics shown in Table 2, mean ARF at
this wavelength and the additional M®@ontent in the atmo-  the top of the atmosphere is abou®.9+ 0.6 W 2. This
sphere of large Moscow megalopolis (see Fig. 3). means that the average radiative effect of the urban aerosol is
Aerosol radiative forcing (ARF) at the top of the atmo- characterized by an increase in upwelling radiation leading
sphere (TOA) is used for characterizing the impact of aerosoto the negative difference in ARF at the TOA and, as a re-
on the temperature regime. Since the standard AERONEEult, cooling the troposphere. This happens due to prevailing
radiation products include the calculation of ARF (Garcia higher content of slightly absorbing aerosol in Moscow. The
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Table 2. Main statistics for the mean differences in aerosol and radiative characteristics between Moscow and Zvenigorod. Dataset 2.

average o n min max  confidence level
AOT_1020 0.012 0.017 112 —0.037 0.069 0.003
AOT_870 0.012 0.019 112 —0.040 0.072 0.004
AQT_675 0.014 0.025 112 —0.050 0.092 0.005
AOT_500 0.020 0.041 112 —0.125 0.146 0.008
AOT_440 0.030 0.051 112 —0.160 0.190 0.009
AQOT_380 0.035 0.062 112 —0.209 0.228 0.011
AOT_340 0.032 0.069 112 —0.259 0.248 0.013
Water(W, cm) —0.040 0.141 112 —0.688 0.290 0.026
Angstrom exponent at —0.029 0.120 112 —0.416 0.403 0.022
440-870nm
Asymmetry factor at —0.012 0.022 112 —0.078 0.034 0.004
440 nm (Total)
Asymmetry factor at —0.004 0.023 112 —0.123 0.047 0.004
675nm (Total)
Asymmetry factor at 0.000 0.026 112 —0.140 0.051 0.005
870 nm (Total)
Asymmetry factor at 0.000 0.030 112 —0.153 0.054 0.006
1020 nm (Total)
SSA440-Total* —0.032 (0.05) 0.058(0.04) 112(8) —0.218 (-0.06) 0.078 (0.08) 0.011 (0.03)
SSA675-Total* —0.023 (0.01)) 0.063(0.04) 112 (8)—-0.2380.03) 0.145(0.10) 0.012 (0.04)
SSA870-Total* —0.028 (0.03) 0.072(0.04) 112 (8)—0.258 (0.04) 0.221 (0.09) 0.014 (0.04)
SSA1020-Total* —0.027 (0.00) 0.080(0.04) 112 (8)—0.279 (0.05) 0.269 (0.08) 0.015 (0.04)
RadiativeForcing(BOA)** —6.67 10.61 92 —44.51 27.06 2.17
RadiativeForcing(TOA)** —0.88 281 92 —-8.37 6.16 0.58
ForcingEfficiency(BOA)** —18.96 43.81 92 —175.87 102.19 8.95
ForcingEfficiency(TOA)** 6.15 25.09 92 —50.94 72.13 5.13
Volume Concentration — 0.000 0.030 112 —0.153 0.054 0.006
Total
Effective Radius — Total —0.018 0.025 112 —0.096 0.041 0.005
Effective Radius — Fine —0.007 0.013 112 —0.042 0.026 0.002
Effective Radius — Coarse 0.171 0.340 112 —0.988 1.187 0.063

* — case number in the brackets is given for the cases with the standard threshold (A©T480or single scattering albedo.
* — case number for calculation of the difference in aerosol radiative forcing has an additional restriction on the difference in solar zenit:@u9gfe of

negative difference in ARfoa increases with the increase of 2.3-3.4% depending on wavelength with a slightly higher at-
the AOT difference between Moscow and Zvenigorod of uptenuation in UV spectral range (up to 3.4% for UV-A) and
to —4 W m~2 according to the linear trend (Fig. 10). How- smaller in visible, mainly, due to the increase in total opti-
ever, if a possible lower single scattering albedo for Moscowcal thickness at shorter wavelengths and, hence, in dAOT.
is taken into account (see the discussion above), the total etHowever, a minimum relative difference can be higher than
fect in cooling the atmosphere is less than should have beeB0% or 10% respectively for UV and visible spectral range
if the SSA values were the same. The cases with the posiin conditions wherlAOT’s were higher than 0.1.

tive ARF difference mainly correspond to the situations with

higher AOT values in Zvenigorod.

In addition, we estimated photosynthetically active radia-4 Discussion

tion (PAR) and UV irradiance at ground both for Moscow

and Zvenigorod aerosol clear sky conditions using theThe analysis of long-term simultaneous AERONET CIMEL

TUV RT model with 8 stream DISORT solver (Madronich aerosol observations in Moscow and Moscow suburbs
and Flocke, 1998), which has been slightly modified to ac-(Zvenigorod) has shown statistically significant higher

count for the available input parameters (Chubarova, 2004)A0T500 values in Moscow megacity with the average differ-
The results are presented in Table 3. On average, there is@ence of about 0.02. There is a high correlation in the AOT’s,
small relative decrease in solar irradiance at ground of abouin the Angstrom exponent values, in the effective radii and
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Table 3. Absolute and relative differences in ultraviolet and visible (PAR) irradiance reaching the surface due to the changes in aerosol
properties in Moscow megacity. Clear sky conditioiiss 350 DU.

uv uv-B UV-A UV _index PAR
280-400nm 280-315nm 315-400nm 400-700 nm
Absolute difference W m? —-0.65 -0.01 —0.64 -0.04 -3.60
Relative difference, % —3.4% -3.1% —3.4% —3.2% —2.3%
Mininum relative difference, % —22.2% —21.0% —22.2% —21.3% —13.4%
Maximum relative difference, % 6.8% 6.9% 6.8% 6.8% 6.5%
dARFron, Wim2 is one of the most important characteristics of the air mass,

the application of the data on water vapor content allows us
to reveal the cause of the nature of the AOT difference. The
positive correlation betweedAOT anddW has been found,
which explains many cases with large differences in AOT by
the temporal lag in the air transport from Moscow to Zvenig-
orod or vice versa. The application of the AOT correction
-0.1 -0.05 0 0.05 0.1 0.15  dAOT500 on temporal lag using the linear regression equation between
dAOT500 anddW has led to a small increase in the occur-
Fig. 10. Dependence of the difference in aerosol radiative forcing atrence of positivelAOT, the decrease idAOT standard de-
TOA (dARFroA) between Moscow and Zvenigorod as a function yjation from 0.05 to 0.04, and the same average difference
of dAOTS00. of about 0.02. Hence, the removal of this factor does not
change significantly the mean results but it certainly leads to
even more pronounced aerosol pollution effects with smaller

in water vapor content between the sites. This confirms thafUmber of negativé AOT cases.

natural processes are the dominating factor in the changes BY using the satellite MODIS data over the same period
of the aerosol properties even over the large megacity likePf observations as for ground-based measurements, the spa-
Moscow. During winter season, the most pronounced posil'al aerosol distribution has been estimated around Moscow

tive difference is observed for AOT values comprising +0.03@nd nearby territories. There is an agreement between
(or 26%) and water vapor conterdW/=+0.03cm). Winter ~ 9round-based and satellite average AOT550 difference over

period is also characterized by the lowest correlation in theV0SCow and Zvenigorod, which proves a satisfactory qual-
AOT’s (r=0.8) and water vapor content£0.85). These Y .of MODIS Qata. _The.spa'ual AOT_d|str|but|on is charac-
features prove that in winter the megacity pollution is the t€rized by a bias with higher AOT’s in Moscow and down-
most noticeable, though the absolute values of AOT have &Vind at about 200 km to the east. The second maximum is
seasonal minimum. It should be noted that due to the metegd€nerated due to gas-aerosol emission from forest and peat-
rological conditions, the number of measurements in winter?0g fires. The cleanest background conditions with the AOT
are less than in other seasons. So the conclusions, based Hference with respect to Moscow of more than 0.05 are lo-
the statistical analysis of winter data, are less reliable than irfated at the distance of more than 150km to the west and
other seasons. Some interesting features in aerosol properti& the south from Moscow, that is 3 times farther than the
are observed in other seasons: in spring a significantly lowefvenigorod location. _

Angstrom exponent is observed in Moscow, and in summer The difference in single scattering albedo between the
and in fall they are notably higher. The data analysis has reSite€s is not statistically significant for the AOT440.4 at

vealed a specific spectral dependence of the AOT differencd40 M, but the number of cases is very smag). Due
with the maximum difference at 440 nm. The shape of thel© lack statistics SSA spectral dependence at high AOT440

dependence is similar to the shape of Nabsorption coef-  differs from the previously obtained dependence, which was

ficients and since Moscow conditions are characterized byfharacterized by smooth SSA reduction with wavelength

SCIAMACHY data correction. This effect should be studied créase in Moscow at lower AOT values. However, the ob-
further to determine whether this is a real aerosol feature oféined SSA retrievals at smaller AOT have larger uncertainty

the result of the additional NOcontamination. As a result, ©f SSA evaluation than typical uncertainty of 0.03 (Dubovik
some retrieved aerosol radiative characteristics (for exam&t al-, 2000). Therefore, the obtained difference can be con-
ple, single scattering albedo and asymmetry factor at 440 nm§idered only as a preliminary result.

should be considered with caution. Since water vapor content
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More pronounced difference in SSA at 440 nm can be ex- The difference in radiative forcing at the TOA due to
plained by some effects of the NGadditional absorption aerosol pollution effects is negative that corresponds to an
in the atmosphere of large Moscow megalopolis. Thereincrease in upwelling radiation and cooling the troposphere
are the large N@ absorption coefficients near this wave- with averagedARFroa=—0.9Wn12. This is explained
length (see Fig. 3). The aerosol phase function asymmeby the higher AOT values and only slightly lower SSA in
try factor has also some differences due to the changes iiMoscow compared with Zvenigorod conditions.
aerosol size distribution, which is biased to its right and Due to the aerosol pollution effects the PAR and UV irra-
left ends (see Fig. 7). As a result, the asymmetry factor isdiance reaching the ground is only2—3% less in Moscow,
higher for coarse aerosol mode and lower for the fine aerosathough in some situations the attenuation can reat8% in
mode. All these aerosol characteristics allow one to estimateisible and more thar-20% in UV spectral region.
the irradiances and radiative forcing at ground level and at
the top of the atmosphere. The difference in ARF at theACknowledgementsThe work was partially supported by the
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